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* 
During the  twel f th  quar te r ,  D and z values  f o r  spores  on paper,  
4 d r i e d  by l yoph i l i za t ion ,  was determined. I n  addi t ion ,  t he  e f f e c t  of 
epoxy coa t ing  on the  ZD value  of spores  mated between s teel  washers 
was inves t iga t ed .  Also, the  t i m e  required f o r  dry spores  to rehydra te  
to  t h e i r  m a x i m u m  hea t  r e s i s t a n c e  was obtained. 
embloyinn epoxy r e s i n s  was developed to determlne the  e f f e c t  of water 
ac t iv i tv  on t h e  thermal des t ruc t ion  curve (2). 
And, f i n a l l y ,  a system 
E C O W Y  AND THE= INACTIVATION OF MICROBES I N  
AND ON INTERPLANETARY SPACE VEHICLE COMPONENTS 
INTRODUCTION 
Pravious d r y  h e a t  resistance s tud ie s  of Bac i l lu s  s u b t i l i s  var. 
n ige r  spores  impregnated i n  f i l t e r  paper ind ica ted  t h a t  a "wet-heat" 
k i l l  mechanism was involved as evidenced by a zD of  12.9.C. 
of the  dry ing  process,  s u f f i c i e n t  water remained i n  the  system to e f f e c t  
a wet-heat system. During the  twel f th  qua r t e r ,  l y o p h i l i z a t i o n  was in- 
ves t iga t ed  a s  an improved drying method. 
I n  s p i t e  
An unusually high ZD value (32.0.C) w a s  repor ted  l a s t  q u a r t e r  
f o r  spores  located between s t e e l  washers mated a t  190 inch-pounds of 
torque (1). An explanat ion f o r  t h i s  high value i s  presented i n  t h i s  
r epor t  and i s  based on the  slow l o s s  of spore moi s tu re  t o  the  hot  gaseous 
environment i n  the  TDT tube during heat ing.  Sea l ing  the  mated su r face  
u n i t s  with epoxy r e s i n  prevented loss of moisture  and r e su l t ed  i n  a zD 
value of 21.9.C which is  comparable to t h a t  observed for the  same spores  
heated i n  l u c i t e ,  epoxy, and on s t a i n l e s e  steel  s t r i p s .  
The r a t e  a t  which d r i ed  spores absorb water from a humid environ- 
ment and the  e f f e c t s  of such absorption on thermal r e s i s t a n c e  was inves-  
t i g a t e d .  
r e l a t i v e  humidity (RH) f o r  var ious  time i n t e r v a l s  and were then exposed 
to  a dry-heat  temperature of 135.C for  seven mlnutcs. 
Spores d r i e d  on s t a i n l e s s  s t e e l  s t r i p s  were exposed to  100% 
The r e s u l t s  
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ind ica ted  t h a t  the  spores  d id  absorb water and t h a t  the  thermal resist- 
ance was increased i n  proport ion to the increased spore moisture  conten t .  
A dry-heat  exposure system employing spores  embedded i n  epoxy 
r e s i n  was developed. Resul ts ,  to date ,  are comparable to  those repor ted  
f o r  spores  embedded i n  l u c i t e .  This system w i l l  be used t o  determine 
t h e  e f f e c t  of aw on z values .  
EXPERIMENTAL 
The dry  h e a t  r e s i s t a n c e  of  spores  lyophi l ized on paper strips 
An explanat ion f o r  the small  D va lue  (12.9) f o r  spores  d r i e d  on 
paDer s t r i p s ,  a s  reported l a s t  quar te r ,  was sought. The low value was 
i n d i c a t i v e  of a w e t  h e a t  system which suggested t h a t  i n  s p i t e  of t he  
dry ing  procedures used, s u f f i c i e n t  water was assoc ia ted  with the  s y s t e m  
t o  cause i n a c t i v a t i o n  by w e t  hea t .  To test t h i s  hypothesis ,  these  s t u d i e s  
were repeated a s  follows: 
l a t e d  a s  descr ibed l a s t  qua r t e r ,  d r i e d  a t  5O.C f o r  one hour, and placed 
i n  thermal death t i m e  (TDT) tubes.  The s t r i p s  were then lyophi l ized  f i v e  
hours  a t  5 t o  15 microns of mercury and sea led  i n  vacuo with an oxy-gas 
flame. The sealed tubes were then exposed to dry hea t  a s  descr ibed l a s t  
Uhatman No. 2 f i l t e r  paper s t r i p s  were inocu- 
1 
q u a r t e r .  The D values  f o r  exposure temperatures of  LlSO, 125', and 135.C 
4 a r e  given i n  Table 1. From the thermal des t ruc t ion  curve (Fig. 1) a ZD 
va lue  of 18.0.C was obtained. These r e s u l t s  s u b s t a n t i a t e  the  hypothesis  
t h a t  r e s i d u a l  water was assoc ia ted  w i t h  the  paper s t r i p s  used i n  l a s t  
-2-  
q u a r t e r ' s  experiments. Lyophi l izat ion removes s u f f i c i e n t  water from the  
system so t h a t  dry-heat  condi t ions preva i l  a s  i nd ica t ed  by the  tD  of 18.C. 
The dry  hea t  d e s t r u c t i o n  of spores on mated su r face  u n i t s  embedded i n  
epoxy p l a s t i c  
I n  the  Eleventh Quarter ly  Report of  Progress ,  a zD value of 32.C 
was reported fo r  spores  located between s t e e l  washers mated a t  150 inch- 
pounds of torque and exposed t o  dry  heat (1). An explanat ion of t h i s  
unusual ly  high value was sought experimentally based upon the  following 
premise.  
The mated su r face  u n i t  i s  not  gas - t igh t ,  therefore ,  r e s idua l  
moisture  assoc ia ted  with the  d r i ed  spores would s l o w l y  escape to  the hot  
gaseous environment wi th in  the  TDT tube during hea t ing .  This process  
would cont inue u n t i l  an equi l ibr ium vapor pressure  was achieved w i  t h i n  
the  tube.  A t  equilibrium, the  spore moisture content  would be extremely 
low because of the  g r e a t l y  reduced r e l a t i v e  humidity. I n  p rac t i ce ,  a 
mated su r face  experiment a t  135.C requires a t o t a l  experimental exposure 
t i m e  of  t h ree  hours, whereas, one a t  115.C r equ i r e s  24 hours. The r a t e  
a t  which moisture  would escape from spores i s  a funct ion of the  tempera- 
t u r e  - t he  h igher  t he  temperature, the f a s t e r  t he  r a t e  of moisture loss. 
Previous s t u d i e s  i n  t h i s  labora tory  have demonstrated the  p ro tec t ive  
e f f e c t  of some moisture  i n  assoc ia t ion  with spores  dur ing  exposure to 
d r y  h e a t .  
fol lows t h a t  t h e i r  hea t  r e s i s t ance  i s  changing (decreasing) a s  a func t ion  
If spores  a r e  con t inua l ly  drying a s  they a r e  being heated,  i t  
of  the  r a t e  of water loss. The grea te r  the  length  of t i m e ,  out  of the  
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t o t a l  experimental  exposure i n t e r v a l ,  t h a t  some water remains i n  a s s o c i -  
a t i o n  with the  spores ,  the  g rea t e r  w i l l  be the  D value.  A t  135'C, 
moisture would be assoc ia ted  with the  spores  f o r  a g r e a t e r  po r t ion  or 
percentage of the  t o t a l  experimental  exposure i n t e r v a l  than a t  115%. 
For example, i f  i t  took 0.5  hour, o u t  of a 3 hour experiment, f o r  the  
spores  to  completely d ry  a t  135'C, then .me moisture  was a s soc ia t ed  
with the  spores  f o r  16% of the  total  experimental exposure i n t e r v a l .  
S imi la r ly ,  i f  i t  took one hour, out of a 24 hour experiment, f o r  the  
mores to completely d r y  a t  115'C, then lome umirture  was ansociated 
with the  spores  for only  4% of the  t o t a l  exoerimcntal  exposure i n t e r v a l .  
This d i f f e rence  i n  t i m e  with which moisture war a r roc ia t ed  with t h e  rporer  
would tend to  y i e ld  high D valuer  a t  1315% but  almort normal D values  a t  
115% with a consequent f l a t t e n i n g  of t h e  rlope of  t h e  t curve. 
phenomenon could expla in  t h e  value of LD = 32, reported las t  q u a r t e r  f o r  
t h i s  system. 
Such a 
An experimental  system was u t i l i z e d  i n  which epoxy r e s i n  war 
coated over the  exterior su r face  of t he  mated u n i t s  as a means of  pre-  
vent ing the  escape of  moir ture  from the  sporer  dur ing  hea t ing .  
t r ia ls  were performed as previour ly  dercribed to  note  whether a z value 
cornoarable to  t h a t  obrerved f o r  rtacl strips and p l a s t i c 8  (ZD = 21.C) 
would be obtained.  
2 and Fig. 2. 
curve.  
tems repor ted  last q u a r t e r  and ind ica t e s  t h a t  t he  zD of 32 formerly re- 
ported was r e l a t e d  i n  some fashion t o  the  r a t e  of spore moisture  loss 
during hea t ing .  
Heat 
me d a t a  from there  experiments i s  prerented i n  Table 
A zD of  21.9 was calculated from t h e  thermal d e s t r u c t i o n  
This value aoproxiputes t h a t  of the  r teel  strip and plast ic  rye- 
-4- 
8 The e f f e c t  of rehydrat ion on the  hea t  r e s i s t a n c e  of d r i e d  spores 
It has been e s t ab l i shed  t h a t  dried spores  (a < 0.2) have less 
W 
hea t  r e s i s t a n c e  than spores  of intermediate  moisture  l e v e l s  (aw 0 . 2  - 
0.4). 
* 
I n  the  experimental  t r i a l s  performed i n  which these  f ind ings  were 
1 es t ab l i shed ,  long exposures (2 weeks) in r e l a t i v e  humidity chambers were 
used t o  permit spore e q u i l i b r a t i o n .  It became of i n t e r e s t  t o  determine 
t h e  r a p i d i t y  with which spores  absorb moisture from the  environment and 
the  e x t e n t  to  which such absorption a f f e c t s  thermal r e s i s t ance .  Such 
information would be usefu l  i n  s e t t i n g  the  environmental condi t ions  f o r  
assembly a reas ,  c l ean  rooms, etc., so t h a t  spores  contaminating such a reas  
could be maintained i n  a minimally thermal r e s i s t a n t  s t a t e .  
Accordingly, spores were dr ied  on s t a i n l e s s  steel  s t r i p s  as de- 
4 
scr ibed  previous ly  (1). These s t r i p s  were then Dlaced i n  tubes and d r i ed  
i n  a f l e x i b l e  des i cca to r  over s i l i c a  gel for 48 hours a t  25OC. The tubes 
were stoppered wi th in  the  f l e x i b l e  des icca tor  before  t h e i r  removal and 
t r a n s f e r  t o  a second f l e x i b l e  chamber t h a t  contained a sa tu ra t ed  water 
vapor atmosphere. By working from outs ide  the  bag, the  s t r i o s  were exposed 
t o  the  100% RH f o r  var ious  time i n t e r v a l s  by removing the  ind iv idua l  
s toppers .  Af te r  exDosure to  the  sa tura ted  atmosphere, the  tubes were 
StopDered again,  removed from’ the  p l a s t i c  bag, sea led  i n  an oxy-gas flame 
and heated f o r  seven minutes a t  135OC i n  a s i l i c o n e  bath.  
The r e s u l t s  of these  experiments are given i n  Fig.  3. It is 
obvious from these  d a t a  t h a t  spores rapidly absorb moisture from a water 
vapor sa tu ra t ed  gaseous environment and t h a t  such water sorp t ion  a f f e c t s  
dry  h e a t  r e s i s t a n c e .  Under the conditions of these  experiments, maximum 
-5-  
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C' 
0 
thermal r e s i s t a n c e  was noted f o r  spores t h a t  had been exposed t o  100% RH 
f o r  12 minutes o r  more. Similar  s tud ie s  w i l l  be performed a t  o t h e r  
r e l a t i v e  humidity values  and the  results w i l l  be presented i n  subsequent 
r epor t s .  
Inf luence  of water a c t i v i t y  on dry heat  r e s i s t ance  of spores  on g l a s s  
encapsulated i n  epoxy 
Class  s t r i p s  (1/4" x 7/8") were c u t  from microscope cover s l i p s ,  
inocula ted  with 0.01 m l  of the aqueous s tock  spore suspension (approxi- 
mately 1 x 10' spores) ,  and dr ied  one hour i n  the  50.C forced a i r  oven. 
Following drying, the  s t r i p  was placed i n  the  e q u i l i b r a t i o n  chamber shown 
i n  Fig.  4 and allowed t o  e q u i l i b r a t e  f o r  two days a t  25.C. Following 
e q u i l i b r a t i o n ,  the  tubing connecting the  separa te  wells conta in ing  the  
s a l t  s o l u t i o n  and the  g l a s s  s t r i p  was clamped o f f  and the  system was 
inve r t ed .  Upon removal of the  stopper,  t he  s t r i p  dropped i n t o  a TDT tube 
t h a t  had been previouely coated with r e l e a s e  agent .  
syrup was poured imnediately i n t o  the TDT t o  completely cover the  g l a s s  
s t r i p  and the  epoxy was permitted t o  polymerize a t  50.C fo r  t h ree  hours. 
Following polymerization, the tubes were sealed i n  an oxy-gas flame and 
exposed to  135.C i n  a s i l i c o n e  bath for var ious t i m e  i n t e r v a l s .  The 
number of surv ivors  was determined as described i n  the  Eleventh Quarter ly  
Report of Progress .  
S u f f i c i e n t  epoxy 
The r e s u l t s  of  these experiments a r e  shown i n  Fig.  5 .  
It should be noted t h a t  t he  value f o r  0.0 aw was obtained with 
spores  d r i ed  on g l a s s  s t r i p s  which were subsequently lyophi l ized ( 5  hours 
a t  5 t o  15 microns of mercury) and embedded i n  epoxy a s  descr ibed above. 
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The r e s u l t s  for the  aw values  of 0.1 through 0 . 8  a r e  i n  agreement with 
those f o r  l u c i t e .  It i s  i n t e r e s t i n g  t o  note,  however, t h a t  no d i f f e r e n c e  
was observed fo r  aw values  of 0.0 and 0.1. The s ign i f i cance  of t h i s  
f i nd ing  i s  not  understood present ly ,  however, add i t iona l  s t u d i e s  a r e  
planned f o r  in te rmedia te  l e v e l s  of aw between 0.0 and 0.1. 
s t u d i e s  w i l l  be conducted a t  11S0C and 125OC a s  a means of determining 
the  e f f e c t  of aw on z value.  
Similar  
PROJECTED RESEARCH FOR THE THIRTEENTH QUARTER 
During the  next qua r t e r ,  research w i l l  be d i r ec t ed  toward d e t e r -  
mining the  time required fo r  dry  spores t o  rehydrate  a t  var ious  r e l a t i v e  
humidi t ies .  I n  addi t ion ,  D values  for  spores  on g l a s s  t h a t  a r e  adjusted 
t o  var ious  a and a r e  embedded i n  epoxy w i l l  be determined a t  115.C and 
125 O C .  
W 
- 7 -  
REFERENCES 
1 .  Eleventh Quarterly Report of Progress, October - December 31, 1967. 
NASA Research Project R-36-015-001. 
-8- 
TABLE 1 
D Values for Bacillus aubtilia var. niger Spores" 
Inoculated on Paper and Dried by Lyophilization 
Dry-Hea t 
Exposure Temperature 
O C  
115 
125 
135 
D Value 
(mi nut ea) 
48.3 
10.1 
3.8  
95% Confidence Interval 
( m i  nut e s) 
16.1 - 50.6 
9.6 - 10.7 
3.5 - 4 . 2  
8 * Inoculum = 1 x 10 per gram. 
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TABLE 2 
Dry-Heat 
Expoaure Temperature 
.C 
115 
125 
135 
D Values for Baci l lur  aubt i l i r  va t .  nlgcr Spores* 
Located Between Stee l  Waahera Plated a t  
150 Inch-Pounda Torque and Sealed In Epoxy 
D Value 95% Confidence Interval  
(arinutes) (mi nut ea) 
310.8 292.2 - 331.8 
165.0 150.0 - 183.0 
52.47 48.52 - 57.14 
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